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Introduction, fate maps, definitions

Cell determination = multistep process (ex: muscle)
Induction

Morphogens (ex: BMP)

Combinatorial control

Competence

Lateral inhibition

Asymmetric division/asymmetric distribution (germ cells)



Introduction Vertebrate embryos: different eggs, different gastrulation,
but similar general organization of the “larval” stage)
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The basic “chordate” body plan
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Xenopus early tadpole: prototypic vertebrate organization

melanopores
spreading over tail

Hindbrain

\ XEar

Midbrain

Cement gland Heart

Endoderm (gut)



“Larval” stage: Conserved general vertebrate organization
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Vertebrate embryos: Diverse topography for conserved organization
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Neuroderm: Conserved basic structure and evolution
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“Larval” stage: Conserved organization of the neuroderm/brain
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Introduction

In vitro: 1) embryonic stem cells can be forced to differentiate into ANY cell type
2) Differentiated cells can be de-differentiated and produce other cell types
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Introduction

Partial self-organization capacities
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Introduction

But this does not make a viable organism (not even organs!!)
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Introduction

Embryonic development: from egg to organism
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DEVELOPMENTAL BIOLOGY, Eighth Edition, Figure 1.1 © 2006 Sinauer Associates, Inc.



Definitions o
Cell fate determination

Fertilized egg
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Definitions o
Cell fate determination

Fertilized egg
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Fate mapping — following differentiation

Ray Keller, 2000
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Fate mapping
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marginal Animal pole blastocoed archenteron archenteron yolk plug
0one

R

JN

"
B ey yolky R, !
Vegetal pole vegetal cells blastopore blastocoel

E] ectoderm I:I mesoderm [_—_] endoderm




Fate mapping Gastrulation in chick embryo
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Fate mapping Gastrulation in chick embryo
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Fate mapping Gastrulation in chick embryo
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Fate mapping

Sea urchin
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Fate mapping
Drosophila
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Fate mapping
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Definitions

Cell fate commitment/specification/determination
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Differentiation

Pluripotent O Cell in embryo:
Multiple fates Cell in Sensitive to
isolation:
autonomous
differentiation
Insensitivefo
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Definitions

Cell fate determination

donor donor
transplant transplant
before overt
differentiation
host host
after overt
differentiation
NORMAL FATE NOT DETERMINED DETERMINED

kept together in a cluster, but not if taken singly and isolated from their usual
companions.



Definitions
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Definitions
Conditional specification

(A)
Blastula .
Trmpbeloeod Figure 3.11
ba]c]k beﬁy sésion Conditional specification. (A)
A What a cell becomes depends

upon its position in the
embryo. Its fate is determined
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Mosaic development Regulatory development

Table 3.3Modes of cell type specification and their characteristics

I Autonomous specification

I Invariant cleavage may not exclude conditional
specification!

Even if no “regulation”, it also does not exclude cell-cell
communication

Cell type Specification precedes any Ialgc-a\_qlc THIVIyUITIIL LT g auul.

Characteristic of most invertebrates.
Specification by differential acquisitiol

Invariant cleavages produce the same

Produces “mosaic” (“determinative”) development: cells cannot change fate if a blasto mere is lost.
1. Conditional specification

Characteristic of all vertebrates and few invertebrates.

Specification by interactions between cells. Relative positions are important.

Variable cleavages produce no invariant fate assignments to cells.

Massive cell rearrangements and migrations precede or accompany specification.

Capacity for “regulative” development: allows cells to acquire different functions.
1. Syncytial specification

Characteristic of most insect classes.

Specification of body regions by interactions between cytoplasmic regions prior to cellularization of the blastoderm.

Variable cleavage produces no rigid cell fates for particular nuclei.

After cellularization, conditional specification is most often seen.



Fate mapping
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Introduction to cell fate and plasticity
during embryonic development

Introduction, fate maps, definitions

Cell determination = multistep process (ex: muscle)
Induction

Morphogens (ex: BMP)

Combinatorial control

Competence

Lateral inhibition

Asymmetric division/asymmetric distribution (germ cells)



Cell fate determination: a multistep process

Fertilized egg  Totipotent
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Cell fate determination: how does it occur?
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Cell fate determination: a multistep process

\\

Stomach Thyroid
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Cell fate determination: a multistep process

Vegetal



Cell fate determination: a multistep process

Ectoderm

Germ layers ) Mesoderm

Endoderm



Cell fate determination: a multistep process

Ectoderm

Germ layers Mesoderm




Cell fate determination: a multistep process

Neuroderm
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Germ layers Mesoderm



Cell fate determination: a multistep process
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Cell fate determination: a multistep process

Gene “mesoderm”

erm” + “dorsal
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Genes “mesoderm” + “dorsal
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“skeletal muscle”




Cell fate determination: a multistep process

Prospective mesoderm region

“state A” , , ,
Function can be transient during development
l (example: gastrulation movements)
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Cell fate determination: a multistep process

Prospective mesoderm region
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Cell fate determination: a multistep process
Example: Skeletal muscle

Transverse section of a stage 22 l | Schematic interpretation of
Xenopus embryo photograph opposite
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Cell fate determination: a multistep process
Example: Skeletal muscle

ephrinB1 mRNA levels

EphB4 mRNA levels

<0.1 _0.1-0.2 0.2-04 0.4-0.8 0.8-1.41.4-22 2.2-3 >3

Bl .

Fagotto, Winklbauer and Rohani, Cell Adh. Migr. 2015

neural plate

cross-section,
dorsal trunk region

‘

mychegFR( FoxA4

Reintsch, Habring-Muller, Wang, Schohl, Fagotto, Journal of Cell Biology, 2005



Skeletal muscle: Somitogenesis and myogenesis
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Skeletal muscle: Somitogenesis and myogenesis

tail fin pushes
backwards
against water as
it is swept from
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Skeletal muscle: Somitogenesis and myogenesis
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Figure 1. Schematic Representation of Somites, First and Second Branchial Arches, and Prechordal Mesoderm that Are the
Sources of Skeletal Muscles, Shown for the Mouse Embryo Somites mature following an anterior (A) to posterior (P) developmental
gradient. NT, neural tube; NC, notochord.

Margaret Buckingham, Peter W.J. Rigby
Gene Regulatory Networks and Transcriptional Mechanisms that Control Myogenesis

http://dx.doi.org/10.1016/j.devcel.2013.12.020



Embryonic myogenesis (mouse)
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C. Florian Bentzinger et al. Cold Spring Harb Perspect Biol
2012:;4:a008342

©2012 by Cold Spring Harbor Laboratory Press



MYOGENIC DETERMINATION
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Fig. 12. Molecular signals involved in the development of limbs muscles.

Giuseppe Musumeci, Paola Castrogiovanni, Raymond Coleman, Marta Anna Szychlinska, Lucia Salvatorelli, Rosalba Parenti,
Gaetano Magro, Rosa Imbesi

Somitogenesis: From somite to skeletal muscle

Acta Histochemica, Volume 117, Issues 4-5, 2015, 313-328
http://dx.doi.org/10.1016/j.acthis.2015.02.011



Hierarchy of transcription factors regulating progression through the myogenic lineage (mouse).
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Time course of muscle specific genes during Xenopus development
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Time course of muscle specific genes during Xenopus development
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Introduction, fate maps, definitions

Cell determination = multistep process (ex: muscle)
Induction
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Lateral inhibition

Asymmetric division/asymmetric distribution (germ cells)



Induction

Extrinsic signaling

(B) (€ (D)

© 2000 Sinaver fssociates, Inc.



Organization of a secondary axis by dorsal blastopore lip tissue

(A) Blastocoel

\\ Presumptive
notochord

Dorsal \ Presumptive Presumptive Primary
blastopore endoderm epidermis invagination
lip

DEVELOPMENTAL BIOLOGY 10e, Figure 8.18 (Part 1)
© 2014 Sinauer Associates, Inc.

Mangold and
Spemann, 1924




Organization of a secondary axis by dorsal blastopore lip tissue

Induced
secondary structures Primary structures
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DEVELOPMENTAL BIOLOGY 10e, Figure 8.18 (Part 2)
© 2014 Sinauer Associates, Inc. (D )

(C)

Triturus

DEVELOPMENTAL BIOLOGY 10e, Figure 8.18 (Part 3)
©2014 Sinauer Associates, Inc. - DEVELOPMENTAL BIOLOGY 10e, Figure 8.18 (Part 4)

©2014 Sinauer Associates, Inc.



Mesodermal induction

Nieuwkoop and by Nakamura and Takasaki

—— Animal —>
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| ectoderm) is converted to 3) D/V regionalization: anterior
" endoderm induces anterior
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Nieuwkoop center

Mesoderm-inducing signals

DEVELOPMENTAL BIOLOGY 10e, Figure 8.19

© 2014 Sinauer Associates, Inc.



Induction

Inductive signals:

Limited number of pathways

Soluble, diffusible factors:

FGF, Wnt, TGF, Hedgehog, Retinoic acid

Direct cell contact signaling:

Ephrin-Eph, Delta-Notch

Solutions for complexity:

- Sequential use (different context, “competence”)

- Multiple combinations
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Introduction, fate maps, definitions

Cell determination = multistep process (ex: muscle)
Induction

Morphogens (ex: BMP)

Combinatorial control
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Lateral inhibition

Asymmetric division/asymmetric distribution (germ cells)



Induction: How to provide spatial information?
Morphogens

(o)

@ 2000 Sinauer Associates, Inc.



Induction: How to provide spatial information?

Morphogens

(A)

Source

Distinct responses to levels of morphogen

Threshold
blue
Threshold
white

White

Low affinity targets Cell color

_ DEVELOPMENTAL BIOLOGY, Eighth Edition, Figure 3.19 (Part 1) © 2006 Sinauer Associates, Inc.

High affinity targets




Induction: How to provide spatial information?

Morphogens

(A) Beads, (B)  Beads containing (C)  Beads containing
no activin 1 nM activin 4 nM activin
(low concentration) (high concentration)

Region of _—
Unspecified cells Xbra expression Region o
goosecoid

expression

Activin beads

(D)

Region of goosecoid gene
expression (high concentration)

Region of Xbra gene
expression (low concentration)

Neither gene activated
(minimal or no activin)

ivin gradient

NiHBEHSE /goosfecoid expression threshold
ey 00 . )

:::i:f;ed Xbra expression threshold

receptors 100

High Low
Activin concentration
(distance from source)

DEVELOPMENTAL BIOLOGY 10e, Figure P2.10

© 2014 Sinauer Associates, Inc.

Developmental Biology 217, 166172 (2000) @
doi:10.1006/dbio.1999.9531, available online at htp://www idealibrary.com on | [ E }I,

2hrs A B

o,
Xbra S >

5hrs

E E
Xbra 0{’; “GQJ
G H

Gsc ;’O Q

FIG. 2. Spatial expression patterns of Xbra and goosecoid in activin bead sandwiches at different time points. Activin beads incubated in

Gradual Refinement of Activin-Induced Thresholds 0.2 units/ml activin were sandwiched between two animal caps. Conjugates were cultured for 2 h (A-D) or 5 h (E-H) until control embryos

Requires Protein Synthesis

had reached stage 10.5 or 12. They were then fixed and assayed for expression of Xbra (A, B, E, F) or goosecoid (C, D, G, H) by in situ

hybridisation. Two different conjugates are shown for each condition and are representative of at least 20 samples. Each conjugate has been
bisected with a tungsten needle after in situ hybridisation; dashed white circles indicate the position of the bead. Note that Xbra and

C. Papin and J. C. Smith

Division of Developmental Biology, National Institute for Medical Research,
The Ridgeway. Mill Hill, London NW7 1AA, United Kingdom

goosecoid are expressed in similar domains in A-D but have resolved to their definitive expression patterns in E-H.



Beyond simple morphogen gradients:
Patterns refinement by diffusible inhibitors
Pattern sharpening by two diffusible molecules -> inhibition

A | B

b
b,




Induction _ o o
Particular case of morphogens: Syncitial specification

Gradient of — — Gradient of

Bicoid in Caudal in
cytoplasm cytoplasm
Anterior Posterior

Bcd —I Caudal

Nuclear genes activated
by morphogen gradients

Anterior Posterior

l Cellularization

Head Tail

Thorax Abdomen
DEVELOPMENTAL BIOLOGY, 9e, Part Figure 11.10 ©2010 Sinauer Associates, Inc.



Drosophila segmentation

Expression patterns of gap and pair-rule genes in Drosophila embryos. AY C : red, even-skipped; green,
hunchback; blue, bicoid; D Y F : red, even-skipped; green, Kruppel; blue, hunchback. A, cycle 10; B, cycle 12, C
and D, cycle 13; E, cycle 14/2; F , cycle 14/4. Anterior to the left, dorsal to the top. (Kosman et al. 1998, 1999)




Drosophila segmentation

Embryo

mouthparts  thorax abdomen

Larva




Beyond simple morphogen gradients:
Patterns refinement by diffusible inhibitors
Pattern sharpening by mutual inhibition

Box 1. Anterior-posterior (AP) patteming of the Drosophila blastoderm

bcd RNA
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!

Translation + diffusion
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Nuclear

import repression
l of Cad

Target gene

activation

Cad

Bed

Posterior

242)dev.129452

& Biologists
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REVIEW

Morphogen rules: design principles of gradient-mediated embryo
patterning

James Briscoe'* and Stephen Small2*



Beyond simple morphogen gradients:
Patterns refinement by diffusible inhibitors
Pattern sharpening by mutual inhibition




Induction

Published by AAAS

Fig. 1 Schematic drawing showing the difference between the
morphogen gradient model and Turing model.

y | o

A
One morphogen Gradient 1D horizontal 1D vertical
Two morphogens Gradients 2D pattern More complicated

Interactions

Shigeru Kondo, and Takashi Miura Science 2010;329:1616-

1620
Al AAAS







Induction
Fig. 2 Schematic drawing showing the mathematical analysis of

the RD system and the patterns generated by the simulation.

A Six stable states
Initial condition | Il 1] Hm_”_”_”m
/ Lo~ Uniform, stationary Uniform, oscillating Stationary waves with
extremely short wavelength
v Vv '
Both morphogens
diffuse and react
with each other
Oscillatory cases Oscillatory cases Stationary waves with
with extremely short with finite finite wavelength
wavelength wavelength (Turing pattern)
B Case V Case VI (Turing pattern)

Shigeru Kondo, and Takashi Miura Science 2010;329:1616-
1620

Al AAAS

Published by AAAS



Induction Example of establishment of a morphogen gradient

BMP signaling: BMPs, Chordin in amphibians (and other vertebrates) and flies

A B

C
dorsal  cpordin dorsal Dpp
P Admp
Vertebrate new
inhibitors: Xenopus Drosophila
. BMP4/7 Sog
Noggin Tid/XIr Screw
cvd
v-
Cerberus Sizzled ventral ventral

Frzbs AN




BMPs, chordin and evolution: Dorsal/Ventral inversion

A
Protostome
) -
Deuterostome
B
Ecdysozoans Nematodes
Arthropods

| Onychophorans
— Protostomes

[~ Flatworms
Annelids
| Mollusks

Lophotrochozoans

Urbilateria —9

Hemichordates
— Deuterostomes —| Echinoderms

| Chordates

——Acoels
——Cnidarians
——Sponges
——Choanoflagellates




Induction Example of establishment of a morphogen gradient

-
Receptors

BMP signaling

Coactivators
or repressor



Localization of BMP signaling:
Smad1 signaling during early Xenopus development

Analysis of nuclear P-Smad1

P-Smad1/Eriochrome ' mask: P-Smad1/DAPI

Green = P-Smadl
Blue = DAPI (Nuclear)

Red = Yolk B-catenin, MAPK and Smad signaling during early Xenopus development

Anne Schohl and Frangois Fagotto™

Developmental Biclogy, Spemannstrasse 35, D-72076 Tibingen, Germany
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Induction Example of establishment of a morphogen gradient

In situ hybridization zygotic BMP _
mask: P-Smad1/DAPI




Establishment and sharpening of the dorso-ventral Smad activation pattern

In situ hybridization zygotic BMP pathway and inhibitors

BMP4 Chordin

anterior

st10.25 st12

Zygotic BMP signaling
dorsal

(phospho-Smad1)

ventral Spemann organizer:

Secreted BMP inhibitors
posterior

Diagrams adapted from:
Schohl and Fagotto, 2002, B-catenin, MAPK and Smad signaling during
early Xenopus development. Development 129, 37-52



Induction

Example of establishment of a morphogen gradient
BMP signaling

Chordin = BMP inhibitor

BMP = TGFB family

Ventral

@ svp @ Chordin @D BMP/chordin complex

Figure 2

The bone morphogenetic protein (BMP) shuttling mechanism. In Xenopus
embryos, Chordin (red ) is secreted from the dorsal region, whereas BMP

( green) is initially uniformly expressed. Chordin, upon secretion from the

dorsal region, forms a complex with and antagonizes BMP (1). This interaction
mobilizes BMP as complexes diffuse in the extracellular space (2). Chordin is
cleaved by an extracellular protease, which causes it to release and deposit BMP
at the site of cleavage (3). This shuttling generates a ventral-to-dorsal gradient.
Figure based on Lewis (2008).



Induction Example of establishment of a morphogen gradient
BMP signaling

A DORSAL

Crescent

XN14

pSmad1/5/8 \"

Tolloid \ =

VENTRAL pSmad1/5/8

Xenopus embryo

Proc MNatl Acad Sci U S A, 2013 Dec 17,110{51):20372-5. doi: 10.1073/pnas.1319745110. Epub 2013 Nov 27.
Chordin forms a self-organizing morphogen gradient in the extracellular space between ectoderm
and mesoderm in the Xenopus embryo.

Plouhinec JL', Zakin L, Moriyama Y, De Robertis EM.




Example of establishment of a morphogen gradient
BMP signaling

Importance of inhibitory feedback loops for proper gradient shaping

pSmad1/5/8

ventral Wik

ventral dorsal

WT

Endogenous Chd protein

Proc Natl Acad Scil S A 2013 Dec 17,110(51):20372-9. doi: 10.1073/pnas. 1319745110, Epub 2013 Nov 27.

Chordin forms a self-organizing morphogen gradient in the extracellular space between ectoderm
and mesoderm in the Xenopus embryo.

Plouhinec JL, Zakin L, Moriyama Y, De Robertis EM




Limitations of genetics to study cellular/molecular mechanisms in vertebrates
The example of tolloid in Zebrafish

Tetraploid!!
+ Compensation??

)

4

>

7

Fig. 1. Injection of tld mMRNA rescues the mfn mutant phenotype.
e 8 10 a (A) An uninjected mfn mutant embryo displays a partial loss of the
Desora T T Compsry R L 1858 ventral tail fin. Embryos injected with tld mRNA can be rescued to
wild-type (B) or a weakly ventralized phenotype (C) as indicated by
a duplicated ventral tail fin tip (inset, posterior view). The phenotype
embryo in C is also observed in wild-type embryos ventralized by
overexpression of tld (data not shown).

The role of tolloid/mini fin in dorsoventral pattern formation of the zebrafish

Stephanie A. Connors!, Jamie Trout!, Marc Ekker? and Mary C. Mullins1*



bmpl and mini fin are functionally redundant in regulating formation
of the zebrafish dorsoventral axis

Reema Jasuja *, Nikolas Voss °, Gaoxiang Ge ¢, Guy G. Hoffman ¢,
Jamie Lyman-Gingerich °, Francisco Pelegri °, Daniel S. Greenspan

a.c.d.=

til1 MQ

i e, e
Qenars

i1 MO bmp1/tlI1 MO



Induction

Example of establishment of a morphogen gradient
Dorsal ventral patterning in Drosophila

Dpp = BMP, Sog = Chordin, Tld = tolloid = protease that cleaves Sog

Decapentaplegic s expressed in the dorsal region
where Dorsal is not present in the nuclei

Dpp activity is prevented from spreading
ventrally by Sog

Dpp, Sog and Tid interact, resulting in a sharp peak
of Dpp activity in the dorsal-most cells

Dpp protein
Tld protein

Sog protein

dorsal ectoderm

neurectoderm

mesoderm

Dpp activity

Sog binds
Dppand Tid
at gradient
overlap

. Dorsal protein D decapentaplegic, tolloid D 509




Induction _ _
Example of establishment of a morphogen gradient

Dorsal ventral patterning in Drosophila

a High concentration of Low concentration of
transcriptional regulator transcriptional regulator
@) o o
Q Q Q Q
High-threshold gene Q Q Q
QO O O
X Q
Low-threshold gene Q Q Q I—h
=0 9o O -0 O o
c d
Dorsal Dorsal

B Dorsal Twist Twist

Il Snail

Bl Twist

N Vnd Snail Snail

Coherent
feed-forward \
loop Vnd
Incoherent
feed-forward
Ventral loop

Vnd=ventral nervous system defective
Figure 5
Gradient interpretation. (a) Interpretation by DNA-binding sites with varying affinity for transcriptional
regulator ( gold ). The promoter of the top gene contains three low-affinity binding sites (blue; high-threshold
gene); the promoter of the bottom gene contains three high-affinity binding sites (red; low-threshold gene).
At high regulator concentrations, all sites in both promoters are bound, and both genes are expressed. At low
concentrations, only the high-affinity sites are occupied, and only the gene with high-affinity sites is
expressed. Based on Ashe & Briscoe (2006). (b) The ventral-to-dorsal nuclear Dorsal gradient ( green) in
Drosophila embryos is illustrated in a cross section. The expression domains of the Dorsal target genes Snail
(blue), Twist (red ), and Vnd (orange) are indicated. Based on Reeves & Stathopoulos (2009). (c) A coherent
feed-forward loop initiated by Dorsal. (d ) An incoherent feed-forward loop initiated by Dorsal. This loop
restricts the expression of Vnd to the lateral regions of the embryo.



time

Gradient without a diffusible morphogen?

Drosophila imaginal disc .
Wingless (Wnt) source

<l> (remains membrane-bound)
Activation of
growth Wnt pathway

Wnt activity gradient



Cell fate decision: binary decisions and reuse of the same signaling pathways

State A

State C State B

State G State F State E State D

Current Opinion in Genetics & Development

Wnt pathway in C.elegans. Popl = TCF

Current Opinion in Genetics & Development 2010, 20:362-368



But not that ‘simple’...



Induction

Combinatorial control + Temporal sequence



Combinatorial control

Transcriptional level:

OROIO

A A A B

v

Regulatory sequences TATA

A [ ]

v

Regulatory sequences TATA

09,

response

Signal transduction level:




Establishment of the early pattern:
Dosage combinations of the Wnt-B-catenin and VegT-nodal pathways

Wntl11/5a
B-catenin

Low nodal + high B-catenin
Dorsal ectoderm -> neuroderm

Medium nodal + medium B-catenin
ventral and posterior mesoderm

Medium nodal + high B-catenin
-~ |wnt5a/11] [VegT| Dorsal anterior mesoderm
. J
1
1
| Xnrs [Wntsa/11] [VegT|
Y,
\\ LFGF — ]
\\\ |
e
| Gsc/Chordin/Cerberus |
FGF/Xbra
Adapted from: High nodal + high B-catenin Goosecoid
Wnt signaling in Xenopus development, 2015, Frangois Fagotto Dorsal endoderm

in “Xenopus Development”. ed. by M. Kloc & J. Z. Kubiak.



Introduction to cell fate and plasticity
during embryonic development

Introduction, fate maps, definitions

Cell determination = multistep process (ex: muscle)
Induction

Morphogens (ex: BMP)

Combinatorial control

Competence

Lateral inhibition

Asymmetric division/asymmetric distribution (germ cells)



Induction and competence: Eye induction in vertebrates

LEMS-FoRMING

HANS SPEMANN, 1901 . HEAD SHIN

LENS INDUCTIOMN

LENS-FORMIMNG
HEAD GHIM

LEMS WESICLE




Induction and competence: Eye induction in vertebrates
Early stages of induction

B
(B) Otx2 Otx2 and Otx2, Pax6, and
Ectoderm Dorsal expressed in Pax6 expressed in Sox3 expressed in
being mesoderm  Presumptive presumptive  Dorsal presumptive presumptive
netiralized retina lens ectoderm  mesoderm  |ens ectoderm lens ectoderm
tissue Neural plate Bl
/_/%
; Presumptive ‘ e
‘\i'd P ‘ vesicle

lens
ectoderm

Endoderm

Mid gastrula stage Late gastrula stage Early neurula stage Late neurula stage

DEVELOPMENTAL BIOLOGY, 9e, Figure 3.14 (Part 2) ©2010 Snawer Assocites, e

Formation of eye structures

(A) (B) : © : (D) Lens (E)
. . Early optic Inner layer icl sor s
Optic : Lens  vesicle Lens epithelium
vesicle (prospective capsul Optic d Vitreous

retma) stalk body

Cornea
Future

optic
nerve

Pigmented

Lens 3
layer of retina

fiber cells

Outer layer % fibers
Lens (prospective Intraretinal Neural layer
placode ectoderm pigmented space of retina

epithelium)



Induction and competence: Eye induction in vertebrates

Zebrafish

Dev Dyn. 2009 Sep;238(9):2254-65. doi: 10.1002/dvdy.21997.
Early lens development in the zebrafish: a three-dimensional time-lapse analysis.
Greiling TM1, Clark JI.



Neuroectoderm of optic vesicle inducing
to form lens placode

The invaginating lens placode
pinches off to form the and
invagination of the optic vesicle
forms the optic cup connected to
the brain via the optic stalk

Mouse 8.5 days

Mouse 11 days

http://www.med.unc.edu/embryo_images/

Muse 10 days



Induction and competence: Eye induction in vertebrates

inducer responder

signal receptor

\/
signzil transduction pathway
changes in gene expression

(A)
Lens ectoderm — Cornea:

Collagen secretion
Tyroxine-> dehydration->transparent

Presumptive
neural retina

(B) (D) Matrix~_ /= =
Juxtracine
signal
a g . A\ )
\ Paracrine — =
signal T
Contact between the Diffusion of inducers Matrix of one cell induces
inducing and responding cells from one cell to another change in another cell

DEVELOPMENTAL BIOLOGY, Eighth Edition, Figure 6.9 © 2006 Sinauer Associates, Inc.



Induction and competence: Eye induction in vertebrates

(A) (B) o © ; (D) Lens (E)
Optic : ATyOPHE Inpes Jager Lens  vesicle Lens epithelium
saile (prospective  capsule Optic P Vitreous

Prospective 22 body

Future
optic
nerve
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layer of retina
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fiber cells

Outer layer

Lens Neural (prospective Intraretinal Neural layer
placode ectoderm pigmented space of retina
epithelium)
a
Ect
oV LP
Mes
b Head ecloderm (Ect)

Head mesoderm (Mes)

Meuroepithelium

Bmpd-expressing
neurcepithalium

Bead soaked in Bmp4
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=
O
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Induction and competence: Eye induction in vertebrates

~

@ Normal © Optic vesicle is
induction removed; no

of lens by ' lens is induced

optic vesicle

Head <

@ Optic vesicle
cannot induce
ectoderm that

@ Tissue other than
optic vesicle is
implanted; no

~  isnot competent \ induction occurs

Trunk <

DEVELOPMENTAL BIOLOGY, 9e, Figure 3.13

© 2010 Sinauer Associates, Inc.



Induction and competence: Eye induction in vertebrates

Induction of eye in Xenopus by expression of frizzled 3

Dominant

Normal eye wt Fz3 negative Fz3

Rx (homeobox)
Pax6 Rhodopsin Galactosidase (injected cells)



Induction and competence: Eye induction in vertebrates

Mat Rev Meurosci. 2001 Mov,2(11):763-71.

Cutting, pasting and painting: experimental embryology and neural development.

Schoenwolf GC'.

a | A Xenopus embryo at the eight-cell stage. RNA is microinjected into a dorsal animal blastomere (arrow). b | Injection of
RNA encoding the Xenopus receptor frizzled 3 at the eight-cell stage (molecular equivalent of pasting) causes the formation
of an ectopic eye (arrow), shown here in an embryo at developmental stage 45 (E, eye). ¢ | Immunolabelling of a section
through a normal eye from an embryo at stage 42. Anti-Pax6 (paired box 6) antibodies (red) label ganglion cells in the
ganglion cell layer (G) and amacrine cells in the inner nuclear layer (I), whereas anti-rhodopsin antibodies (green) label rod
photoreceptors in the photoreceptor layer (P). L indicates the lens, which is nonspecifically labelled. d | Inmunolabelling of
a section through an ectopic eye using the same antibodies as in ¢. The retina of the ectopic eye has a similar laminar
organization to that found in the normal eve. e | Injection of RNA encoding Xenopus frizzled 3 at the eight-cell stage
(molecular equivalent of pasting) causes the ectopic expression of the retinal homeobox gene Rx (arrow), shown here by in
situ hybridization of an embryo at stage 28 (dorsal view; E, labelling of the endogenous eyes; P, labelling of the pineal gland).
Co-injection of RNA encoding pB-galactosidase allows the identification of tissue derived from the injected blastomere (sky
blue; molecular equivalent of painting). f | Injection of RNA encoding a dominant-negative form of frizzled 3, consisting of
the soluble extracellular ligand-binding region (molecular equivalent of cutting), prevents the expression of Rx on the
injected side (asterisk) in a stage-18 embryo (rostral view). This effect correlates with suppression of eye development on
the injected side (NF, fusing neural folds). The injected side is marked by co-expression of p-galactosidase. Photograph in
part a courtesy of T. Van Raay in the M. Vetter laboratory; parts b-f reproduced with permission from Ref. 67 © 2001

National Academy of Sciences, USA.

Rasmussen, J. T., Deardorff, M. A., Tan, C., Rao, M. S, Klein, P. S. & Vetter, M.
L. Regulation of eye development by frizzled signaling in Xenopus. Proc. Natl
Acad. Sci. USA 98, 3861-3866 (2001).



Induction and competence: Eye induction in vertebrates

Pax6 expression

Presumptive
lens cells Optic cup Invaginating lens

DEVELOPMENTAL BIOLOGY, Seventh Edition, Figure 4.17 Sinauer Associates, Inc.
© 2003 All rights reserved.



Induction and competence: Eye induction in vertebrates

Pax6 -/-

(A) (B)

Lens pit
" Forebrain | /

Forebrain

Lateral nasal
prominance

\ Nasal pit

Medial nasal prominance




Induction and competence: Eye induction in vertebrates

Optic vesicles Surface ectoderm  Lens induction

Wild-type Wild-type Yes
Pax6—/Pax6— Wild-type Yes
Wild-type Pax6—/Pax6— No

Pax6—/Pax6— Pax6—/Pax6— No

DEVELOPMENTAL BIOLOGY, Eighth Edition, Figure 6.3 © 2006 Sinauer Associates, Inc.



Competence
Example of mesoderm competence in vertebrates (Xenopus)

Ectoderm

IAL
......

Prospective mesoderm region

TGFp signaling



Competence
Example of mesoderm competence in vertebrates (Xenopus)

Induction
TGFpB
+FGF
Ectoderm Ectoderm

Mesoderm > Mesoderm /

sub-specification ’

Early meso  General \
markers mesoderm
properties

(gastrulation)



Competence
Example of mesoderm competence in vertebrates (Xenopus)

Ectoderm stops being
1GF6 responsive to TGFf

Induction l
TGFB X
+FGF I
Ectoderm Ectoderm
Mesoderm :
competence |
|
Mesoderm > Mesoderm /
sub-specification ’
Early meso  General \
markers mesoderm
properties

(gastrulation)



Competence
Example of mesoderm competence in vertebrates (Xenopus)

Neuroderm
competence
TGF8 Wnt+FGF+TGFB — neural patterning
induction™ l .
\ Induction
/ N d
[ TGFB \ X euroderm

Ectoderm Ectoderm Neural crest cells

Mesoderm : Epidermis (skin)
competence |
|
Mesoderm » Mesoderm /
sub-specification
Early meso  General \
markers mesoderm
properties

(gastrulation)



Competence
Example of mesoderm competence in vertebrates (Xenopus)

FGF TFGB
(Nodals)

st9.5 st9.5

MAPK Smad?2



FGF signaling

(Fo?

—_ FGFR'\

Ras

MEKK

MEK
MAPK



TGF signaling

Ligands
C[) « TGFBI, TGFB2, TGFB3
« activin -, By, -Be. -B-
* nodal

« BMP2-7, BMPBA, BMPSB, BMPIO, BMPIS Type Il receptors
« GDF-3, GDFS-11, GDAS TGfrlé:m
« AMH (MIS) ACTRII
Type | receptors ACTRIIB
ALK4 ALK BMPRII
ALKS ALK2 . AMHRII

ALKT ALK3
ALKS

)

SMADI
SMADS
SMADS

Nature Reviews | Molecular Cell Biology



TGFB + FGF signaling and mesoderm induction

FGF TFGB
FGF AW (Nodals) TFGP
MAPK (Nodals)
st9.5 \ l st9.5
p53 Smad2
MAPK Smad?2

Mesoderm



Competence
Example of mesoderm competence in vertebrates (Xenopus)

Ectoderm Ectodermin (maternal)

Prospective mesoderm region

TGFp signaling

Ectodermin = Ubiquitin ligase -> targets Smad4 for degradation
-> restricts mesoderm induction



Competence
Example of mesoderm competence in vertebrates (Xenopus)

arcchenteron  Nleuroectoderm
Refractive to TGFB8 signaling




Ectodermal Factor Restricts Mesoderm
Differentiation by Inhibiting p53

Moriaki Sasai,"" Rieko Yakura,! Daisuke Kamiya,! Yoko Nakazawa,' and Yoshiki Sasai'"
"Organogenesis and Meurogenesis Group, RIKEN Center for Developmental Biology, Kobe 650-0047, Japan
“‘Correspondence: norisa@cdb.rikenp (M.5.), yoshikisasai@cdb.riken.jp (Y.5.)

DOl 10101 6/.cel 2008.03.035

Cell 133, 878-890, May 30, 2008
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Competence
Example of mesoderm competence in vertebrates (Xenopus)

arcchenteron  Nleuroectoderm
Refractive to TGFB8 signaling
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Competence
Example of mesoderm competence in vertebrates (Xenopus)

arcchenteron - Nleuroectoderm

orsal

FGF-MAPK and TFGB-Smad signaling can now be used for other functions
-> dorso-ventral and anterior-posterior patterning



Cell fate commitment/specification/determination
Plasticity!

Fig. 2. In Xenopus, the blastula constitutes a self-

differentiating morphogenetic field, in which cells are able to communicate
over long distances. When the blastula is bisected with a scalpel blade,
identical twins can be obtained, provided that both fragments

retain Spemann’s organizer tissue. Thus a half-embryo can regenerate the
missing half. In humans, identical twins are found in three out of 1000 live
births, and usually arise from the spontaneous separation of the inner cell
mass of the blastocyst into two. A normal tadpole is shown on top, and two
identical twins derived from the same blastula below, all at the same
magnification. Reproduced from De Robertis, 2006, with permission of Nature
Reviews.



http://topics.sciencedirect.com/topics/page/Morphogenesis
http://topics.sciencedirect.com/topics/page/Regional_specification
http://topics.sciencedirect.com/topics/page/Blastocyst
http://www.sciencedirect.com/science/article/pii/S0925477309014464#bib16

Cell fate commitment/specification/determination

BT
Ectoderm Plasticity!
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K55 l Ectoderm
Prospective ventra.I /l Ventral ecto Neuroderm
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Ventral mesoderm Dorsal mesoderm
Paraxial mesoderm
Axial mesoderm
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Stage 10.5 stage 11.5 stage 13-14

Dorsal ectoderm
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ectoderm mesoderm
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Cell fate commitment/specification/determination

BT
Ectoderm Plasticity!
3, Prospective dorsal Ectoderm
& tAmesoderm J merm
Prospective ventra,I /l Ventral ecto Neuroderm
mesoderm
Ventral mesoderm Dorsal mesoderm

\

Paraxial mesoderm

Axial mesoderm PO
(Notochord) )



Cell fate commitment/specification/determination
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Cell fate commitment/specification/determination
Plasticity!

Developmental Biology 225, 226 -240 (2000) i)
dol:10.1006/dbio 2000.9769, available online at http://www.idealibrary.com on I ﬂ [ %I.

Cells Remain Competent to Respond to Mesoderm-
Inducing Signals Present during Gastrulation
in Xenopus laevis

Carmen Domingo*"' and Ray Kellert

*Department of Biology, San Francisco State University, San Francisco, California 94132,
and TDepartment of Biology, University of Virginia, Charlottesville, Virginia 22903

Early gastrula Midgastrula Late gastrula
Stage 10.5 stage 11.5 stage 13-14

Dorsal ectoderm

=Neuroectoderm yentral Axial
ectoderm mesoderm
(notochord)
: >~
P
’—v—\
Ventral 3
Dorsal mesoderm
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Cell fate commitment/specification/determination
Plasticity!

A Donor

Stage 9

B Host

NE: Neuroepithelium (neuroderm)

EP: Epithedermis (Ectoderm)

SM: Somitic mesoderm (‘paraxial mesoderm’)

Dorsal marginal zone (dorsal mesoderm)

DMz
N: Notochord

Host Donor m
EP NE
Stage 10
R =
viu\_SM W/
N

Ventrolateral
mesoderm VLM

Stage 10

Stage 11

Stage 12




Cell fate commitment/specification/determination
Plasticity!

C Host: Homotopic Graft
Stage 10

Donor = m
Stage 10 m
Nl
Host: Heterotopic Graft
vim) ® Stage 10




Motpchord Dntferenuation (%]

Cell fate commitment/specification/determination

Plasticity!

A FF @ N 1 vIM
—@— NE —p— SM
100 Notochord fate B Somitic fate
90— )
80 - B0
B
70 &
- z 0
o0 e
=
50 = E i) —
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30 = 30
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v 10 1 12 9 I " 12

Domor stooe
Donor Stage e

FIG. 8. Stage-dependent competence to form notochord and
somites. (A) A line graph shows the percentage of cases in which
grafted cells gave rise to notochord cells. The y axis represents the
percentage of cases in which grafted cells differentiated into
notochord cells. The x axis represents the age of the donor
embryos. (B) A line graph shows the percentage of cases in which
grafted cells gave rise to somitic cells. The y axis represents the
percentage of cases in which grafted cells differentiated into
somitic cells. The x axis represents the age of the donor embryos.
EP, epidermis; NE, neural ectoderm; N, notochord; SM, somitic
mesoderm; VLM, ventrolateral mesoderm.
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Cell fate commitment/specification/determination
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FIG. 9. Notochord-inducing signals persist through gastrula

stages and overlap with somite-inducing signals throughout gastrulation.
(A) A line graph shows the percentage of cases in which

grafted cells gave rise to notochord cells. The y axis represents the
percentage of cases in which grafted cells differentiated into

notochord cells. The x axis represents the age of the host embryos.

(B) A line graph shows the percentage of cases in which grafted cells
gave rise to somitic cells. The y axis represents the age of the host
embryos. EP, epidermis; NE, neural ectoderm; N, notochord; SM,
somitic mesoderm; VLM, ventrolateral mesoderm.



Forced commitment to somitic fate
(overexpression of B-catenin) — activated Wnt signaling

Reintsch WE, Habring-Mueller A, Wang RW, Schohl A, Fagotto F.
J Cell Biol. 2005 Aug 15;170(4):675-86.
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Plasticity!
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Cell fate commitment/specification/determination
Plasticity!
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Figure 1. Ectodermal appendages during early stages of development.
Ectoderm-derived structures start to develop from embryonic ectoderm upon
mesenchymal inductive signals. The formation of the epithelial placodes, and their
subsequent growth into the mesenchyme, is common to the early development of all
ectodermal organs. At later developmental stages, epithelial buds undergo different
morphogenetic programs resulting in the formation of highly specialized structures.

Figure 2. In vitro heterotopic tissue recombination assay. Epithelial and
mesenchymal components from ectodermal appendages can be enzymatically and
mechanically dissociated. Subsequently, they can be recombined with epithelium and
mesenchyme from a different organ.

Front. Physiol., 25 April 2012
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Contact-mediated induction: lateral inhibition by the Notch pathway
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Contact-mediated induction: lateral inhibition by the Notch pathway




Contact-mediated induction: lateral inhibition by the Notch pathway
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Notch signaling
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Examples of functions of Notch signaling (stem cell maintenance)
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Creating asymmetry:
Asymmetric division
Asymmetric distribution of determinants

a C. elegans b D. melanogaster
{one-cell stage) {SOP)

Interphase

Anaphase

Daughter
cells

Nature Reviews | Molecular Cell Biology



Asymmetric division / asymmetric distribution of determinants

Polarization -> Segregation
+ Localized degradation



Asymmetric division / asymmetric distribution of determinants




Asymmetric division / asymmetric distribution of determinants

Role of the a C. elegans b D. melanogaster ¢ D. melanogaster
(one-cell stage] (neuroblast) (SOP)
Par complexes

we PAR-3/PAR-6/PKC-3 e PAR3/PARG/aPKC
w— PAR-2, PAR-] === PAR3/PARG/aPKC m— Mud/Pins-Loco/G,,
m LIN-5/G, === Mud/Pins-Loco/G,,, == Pon

=== GPR-1/2 w—= Mira, Pon @ Numb, Neuralized

0 PE- @ Brat, Numb, Prospero| @ Recycling endosome
—— Microtubules —— Microtubules —— Microtubules

<= DNA = DNA a» DNA

Nature Reviews | Molecular Cell Biology



Par complex

Tight
junctions

Adherens
junction

Apical domain

Crumbs complex

o

Lgl

Scribble complex

Basal domain

Apical-basal polarity is established and
maintained by an evolutionarily conserved
group of proteins that assemble into dynamic
protein complexes (Figure 2).16—18 The Par
complex consists of the multi-domain
scaffolding protein, Par3, the adaptor Par6,
atypical protein kinase C (aPKC), and the small
GTPase cell division control protein 42 (Cdc42).
Par3 binds directly with phospholipids at the
plasma membrane and with the tight junction
protein JAM-A19 and recruits Par6 and aPKC to
the plasma membrane where Cdc42 induces a
conformation change in Par6 that enables aPKC
activation. The membrane localization of Par3,
and subsequently Par6 and aPKC, is partly
restricted by another Par protein, Parlb, which
localizes to the basolateral domain. Parlb
phosphorylates Par3, which creates a binding
site for 14-3-3 proteins (also called Par5), and
causes Par3 to dissociate from the cell
cortex.20,21 In this way, basolateral Parlb
excludes the Par complex from the basolateral
domain and restricts it apically. Conversely,
aPKC phosphorylates Parlb to exclude it from
the apical membrane.22



Localized maternal mRNAs in eggs and oocytes.
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Caroline Medioni et al. Development 2012;139:3263-3276
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Three distinct mechanisms underlying mRNA localization.
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Asymmetric division / asymmetric distribution of determinants

Germ cell determination and migration
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Polar granules

anterior posterior

=

germ plasm

PGCs
(pole cells)

From Starz-Gaiano and Lehmann, Mech. Dev., 105, 5-18.

gene protein

germ cell-less (gcl) nuclear envelope protein; important for
transcriptional quiescence

polar granule component (pgc) peptide; important for transcriptional

quiescence
vasa RNA-binding protein
nanos translation inhibitor; blocks somatic “fate”
tudor novel; associated with mitochondria
oskar recruits pole plasm components
piwi argonaute protein, RNAI, gene silencing

aubergine argonaute protein, RNAI, gene silencing




C. elegans Drosophila

Early
PGCs
Lack elongating
RNA Pol ||
and marks
of active

chromatin

Germ and soma segregate

Later |
PGCs

Nanos »
Pumilio [~
Activate ,

transcription...  after larva hatches while migraing to embryonic gonad

Fig. 1. Formation of PGCs and landmark stages in their development in C. elegans and Drosophila.
Germ plasm is represented by red granules. Key regulators mentioned in the text are noted in
yellow boxes. Blue arrow in final panel indicates direction of germ cell migration in Drosophila.

Strome and Lehmann (2007) Science 316, 392
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DEVELOPMENTAL BIOLOGY, 9e, Figure 16.7
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Figure A.5. Development of Mouse Embryonic Primordial Germ Cells.

http://www.youtube.com/watch?v=6td6ioz3WMM

http://www.youtube.com/watch?v=NXzWLLLe430



a Drosophila melanogaster (©OPGCs @5GPs [l Mesoderm [l Midgut [l Hindgut|

1 Migration through 2 Migration on midgut 3 Bilateral migration 4 Gonad formation
midgut epithelium through mesoderm

b Zebrafish () PGCs [l SDFIA expression

Anterior Anterior
P ﬁ’ B
/
Dorsal | {? 1F \
\ -
Z Sl g
1 Migrétion to 2 Migration to intermediate 3 Migr:ﬁon to 4 Gonad ¢ j \
dorsal side targets final targets formation
¢ Mouse | PGCs [ Primitive streak [l Neural tube [} Endoderm (future hindgut) [l Genital ridge K p 25

1 Migration into endoderm 2 Migration along 3 Migration into ‘ 4 Migration into genital ridges
endoderm (future hindgut) dorsal mesentary
Nature Reviews | Molecular Cell Biology
Brian E Richardson, Ruth Lehmann Mechanisms guiding primordial germ cell migration: strategies from different
organisms. Nat. Rev. Mol. Cell Biol.: 2010, 11(1);37-49



